Nanostructures are commonly used for developing superhydrophobic surfaces. However, available wetting theoretical models ignore the effect of vacuum photon-modes alteration on van der Waals forces and thus on hydrophobicity. Using first-principle calculations, we show that superhydrophibicity of nanostructured surfaces is dramatically enhanced by vacuum photon-modes tuning. As a case study, wetting contact angles of a water droplet above a polyethylene nanostructured surface are obtained from the interaction potential energy calculated as function of the droplet-surface separation distance. This new approach could pave the way for the design of novel superhydrophobic coatings. 1 These authors have contributed equally to this work.
While superhydrophobicity on structured surfaces (Fig. 1a) is a topic of high interest [1, 2] and wetting phenomena are known to be related to van der Waals forces [3] [4] [5] [6] , the influence of surface nano-corrugations on van der Waals forces has not been considered in wetting theoretical models as of yet [7] [8] [9] [10] [11] [12] . In this letter, we address this point and shed a new light on an old yet interesting problem by revisiting the role of nanostructuration on wetting phenomena in the framework of the quantum electrodynamics description of van der Waals interactions.
Casimir interactions [13] , which generalize van der Waals interactions between structured surfaces, have been extensively studied in case of metals and semiconductors [14] [15] [16] [17] . For this purpose, many authors use an extension of the Lifshitz theory [18] of van der Waals interactions between macroscopic bodies [17] [18] [19] [20] . Considering media 1 and 2 occupying the half-spaces z < 0 and z > L, respectively, and separated by vacuum, it can be shown that the van der Waals interaction potential energy U is given by [17] [18] [19] [20] 
where ω p (L) is the eigen angular frequency -for a given polarization -of the p th vacuum photon-mode available between the two media facing each other. Indeed, the van der Waals force results from the exchange of virtual photons between both interacting bodies (Fig.  1b) [21] . Using the Cauchy's argument principle of the complex analysis and considering the analytical properties of the Fresnel coefficients related to each body, the interaction energy can be expressed as [17, 19, 20] :
) is the complex reflection coefficient of slab 1 (slab 2) (Fig. 1b) in the m polarization state (s or p states) and k // is the parallel component of the photon wave vector. The use of the complex angular frequency ω = iξ arises from numerical computation considerations. In deriving Eq.
(1), the dependence of mode free energy on temperature T can be neglected since, around ambient temperature, ω p >>k B T is satisfied for all photon energies involved here. It is noteworthy that, at short distances (L ≤ 10 nm) [22] , Eq. (1) is well approximated [23] by the wellknown Hamaker expression [24] :
where A h is the effective Hamaker constant which can be deduced from the computed energy, i.e. Eq. (1). Moreover, it is known that the Hamaker theory, when applied to molecular solids, is able to predict the contact angle of a water droplet on a surface [5] . Indeed, from the van der Waals potential energy calculated between a molecular solid and a liquid, we can deduce immediately the corresponding contact angle θ [5] :
where U (L 0 ) is the potential energy between the two media separated by the distance L 0 , which is the equilibrium separation distance [22] between the water droplet and the surface. This distance, originally defined for a flat surface [22] , is assumed to remain the same when the solid surface is corrugated. Indeed, the lack of data on the equilibrium separation distance values for corrugated surfaces leaves us no choice but to use values for flat surfaces of identical materials. However, this bold hypothesis does not affect the main results of our model [25] . In Eq. (3), γ l is the liquid surface tension, which for water is 72.5 mN/m [26] . Until now, previous studies used Eq. (3) in the context of flat interfaces only [5] . The present work extends its use to corrugated surfaces.
Following the above considerations, we can expect that corrugations covering the surface of a molecular solid should affect its wettability in a new perspective. Indeed, in the same way as corrugations on a surface modify its reflectivity [27, 28] , their effects on the van der Waals interactions can no longer be ignored. According to Eq.
(1), modifying the reflection coefficients should dramatically influence the interaction energy and therefore the wetting properties -via Eq. (3) -as soon as the interaction between a liquid and corrugated molecular solid is concerned. This prediction is crucial, far from being obvious since usual wetting models of nanostructured surfaces ignore any alteration of the van der Waals force. For instance, wettability is commonly described, in the simplest way, by CassieŠs law in a thermodynamic approach involving surface tensions and Gibbs energy minimization [7] . Basically, such an approach does not consider explicitly the van der Waals interactions. Similarly, finite element methods relying on Navier-Stokes equations [8] [9] [10] , suffer from the same drawback. Even molecular dynamic simulations [11, 12] which consider explicitly van der Waals interactions, do not take into account their alteration in the presence of surface corrugations.
Let us now further develop the approach. The twobody system under study consists of a nanostructured surface and a droplet of water separated by a distance L (Fig. 1a) . Since the water droplet is much bigger than the surface corrugation features, it can be described by a slab (Fig. 1b) . The surface is nanostructured with cones of height h arranged on a hexagonal lattice with a lattice parameter chosen to be a 0 = 10 nm. The cone base radius is r = 5 nm and the cone height h ranges from 10 nm to 100 nm in order to vary the antireflection character of the surface. Such a geometry is known to improve the antireflection behavior of surfaces [27, 28] . In the following, the nanostructured surface is assumed to be made of polyethylene. The choice of polyethylene was motivated by the need to work with a molecular solid. Since the lattice parameter a 0 has subwavelength dimensions (for wavelengths below 10 nm, polyethylene permittivity is close to 1), the corrugated surface can be described by a continuous effective material with a graded refractive index along its thickness [28] (Fig.1 b) . The effective dielectric function of the corrugated surface can be expressed by [27, 28] :
where ε material is the dielectric function of the bulk material and f (z) is a filling factor given by:
3/2 and r(z) the radius of the circular section of the cones at coordinate z. The system is then reduced to a water slab and an effective multilayer (Fig.  1b) . In computations, polyethylene permittivity is described by a modified Lorentz oscillator model [29] :
where ε ∞ is the permittivity at infinite frequency, ω p is the plasma frequency, γ p and γ Table 1 and were obtained by fitting (N = 2 oscillators) the experimental dielectric function of polyethylene which tends to unity for wavelengths shorter than 10 nm [30] . The water slab is also described by a dielectric function whose analytical form and parameters were taken from [31] .
Actually, the water droplet is in equilibrium with water vapor. Therefore, the medium separating the surface and the droplet should be vapor instead of vacuum. However, since the water vapor dielectric constant is very close to that of vacuum at all wavelengths of interest and whatever the vapor partial pressure is [32] , there is no difference in considering a vacuum interface instead of a vapor interface from the point of view of electrodynamical calculations. Moreover, the water slab is considered to be in a Cassie state which assumes a flat meniscus [7] . In fact, a more realistic meniscus profile, like overhanging profile, could be modelled as a thin effective layer. This optically thin layer, however, would not lead to significant effects in the electrodynamical calculations of the van der Waals forces.
Thanks to a standard multilayer computational method [33] , the intensity (square modulus) reflection 
FIG. 2. (Color online). (a) Intensity reflection coefficient (at normal incidence) of corrugated polyethylene slabs with cones of various heights h. (b)
Interaction energy between a water droplet and corrugated polyethylene slabs.
coefficient of the nanostructured polyethylene surface |R 1 (λ)| 2 was computed (see Fig. 2a where only normal incidence k // = 0 is considered for the sake of clarity). Broadband antireflection character of the corrugated surface was obtained by increasing the height of the cones: the higher the cones, the lower the reflection. Moreover, by numerically solving Eq. (1) for each height, the interaction energy between the nanostructured surface and the water droplet was determined (Fig. 2b) . The black line corresponds to the interaction energy between a flat polyethylene surface and a water droplet. As the height of cones is increased, the interaction energy is clearly altered: the higher the cones, the lower the potential (Fig.  2b) . In other words, the van der Waals potential energy decreases as the antireflection character of the polyethylene surface increases (Fig. 2a) . This fundamental point is the main finding of our study: the alteration of van der Waals potential energy due to the presence of surface corrugation, even in a Cassie state. This result can be roughly interpreted in a simple way. Indeed, when the cone height h increases, the reflection coefficient |R 1 | 2 decreases (Fig. 2a) . As a result, the quality factor Q of the Fabry-Perot cavity formed by the gap between the two slabs also decreases [35] . Therefore, the electromagnetic energy stored in the Fabry-Perot cavity decreases [35] i.e. the vacuum photon-modes contributions to the potential energy U diminish. This explaining why the van der Waals interaction energy decreases as the nanostructure is tuned towards higher h values (Fig. 2b) .
The equilibrium separation distance between water and flat polyethylene surface was calculated to be L 0 = 0.145 nm [5] . Although this value is reported for two flat polyethylene surfaces facing each other, it remains essentially unchanged while considering the present polyethylene-water system, as shown in [5] . Due to numerical considerations, potential energies at L = L 0 are extrapolated from Eq. (2), by fitting the Hamaker constant A h to the calculated energy values for L ≤ 10 nm [22] . The Hamaker constant for each height h is shown in Fig. 3a . Using Eq. (2) and Eq. (3) with L = L 0 , we can check the expected value of contact angle of a water droplet on a flat (h = 0 nm) polyethylene surface: θ = 102
• [34] (Fig. 3b) . For a corrugated surface, the contact angle and the Hamaker constant of the system are therefore modified with respect to a flat surface: the Hamaker constant decreases (Fig. 3a) while the contact angle dramatically increases (Fig. 3b) as the cone height increases. Superhydrophobicity (θ ≥ 150
is achieved for h > 20 nm here. The tuning of the optical properties of the polyethylene surface via its nanostructuration directly affects its wettability. This finding is of practical importance as it will be discussed hereafter.
Our calculation predicts a contact angle of 173
• for h = 1µm and of 175
• for h = 10µm (not shown on Fig.  3b) . Ultimately, we can expect a contact angle approaching 180
• for a very high aspect ratio of cones. According to Eq. 3, a contact angle of 180
• corresponds to zero potential energy. The asymptotic increase of the contact angle towards 180
• as h increases results from the fact that, beyond a height of 100 nm (maximum value displayed on Fig. 3b) , the potential energy U decreases more slowly with h. Indeed, the reflection coefficient |R 1 | 2 barely decreases at wavelengths λ p > 1000 nm when h increases (Fig. 2a) . In addition, the related vacuum photon-modes angular frequencies ω p = 2πc/λ p represent small energy values ergy U , which therefore varies more slowly when h increases above 100 nm.
In comparison, using cylinders instead of cones (same hexagonal lattice parameter and radius of 2.5 nm) cannot provide efficient antireflection character to the surface since there is no gradient of the effective permittivity: the reflection does not significantly decrease as the cylinder height increases (Fig. 4) . As a result, the contact angle on this corrugated surface saturates quickly with the cylinder height and stays close to the flat surface value (see inset table in Fig. 4) , i.e. superhydrophobicity is never achieved.
In summary, small nanoscopic corrugations dramatically affect the van der Waals interaction energy and thus the wetting contact angle of molecular solid surfaces. This aspect was usually ignored in literature. The effect of nanostructuration on vacuum photon-modes should therefore be considered when wetting phenomena are studied, because it is responsible for the interplay between superhydrophobicity and antireflection property. Actually, in many cases, fractal structures appear to be quite efficient in achieving superhydrophobicity [36, 37] . Since those hierarchical structures involve, among others, nanoscopic corrugations (ranging from 10 nm to 100 nm) [36, 37] , their role in wetting phenomena deserves a reinterpretation in the light of the quantum vacuum photon-modes origin of the van der Waals force. Since our method relies on numerical solution of Eq. (1), it can also handle complex periodic corrugation geometries or non-flat meniscus by using more sophisticated numerical electromagnetic codes [38] . Finally, although the nanostructures referred in this study are quite small, many fabrication techniques are available [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . The fabrication of such surfaces could validate the theory presented in this letter. The crucial role of shallow corrugations (at the scale of 10 nm) on wettability was not noticed previously. Therefore, exploring corrugation dimensions where the effects here reported are dominant could pave the way for the design of novel superhydrophobic coatings. We believe the ab initio calculation of van der Waals force in nanostructures might contribute to elaborate more suitable models for describing more complex wettability phenomena such as contact angle hysteresis, Cassie state metastabilty and Cassie-Wenzel transition. Acknowledgments L.D. is supported by the Belgian Fund for Industrial and Agricultural Research (FRIA). M.S. is supported by the Cleanoptic project (development of superhydrophobic anti-reflective coatings for solar glass panels/convention No.1117317) of the Greenomat program of the Wallonia Region (Belgium). This research used resources of the "Plateforme Technologique de Calcul Intensif" (PTCI) (http://www.ptci.unamur.be) located at the University of Namur, Belgium, which is supported by the F.R.S.-FNRS. The PTCI is member of the "Consortium des Equipements de Calcul Intensif (CECI)" (http://www.ceci-hpc.be). The authors thank Philippe
